Kidney immune cells play important roles in pathogenesis of many diseases, including ischemia-reperfusion injury (IRI) and transplant rejection. While studying murine kidney T cells, we serendipitously identified a kidney mononuclear phagocytic cell (MPC) 
±5.2% vs. 27.3%±0.9%, P < 0.001) after lipopolysaccharide (LPS) stimulation and lower production of the anti-inflammatory interleukin (IL)-10 (7.2%±1.3% vs. 14.9%±2.2%, P = 0.02) following kidney IRI, suggesting a functional role under inflammatory conditions. The CD45 
Introduction
Both innate and adaptive immune mechanisms are important mediators of kidney injury and repair, and several different types of immune cells participate in these processes [1] [2] [3] . Resident mononuclear phagocytic cells (MPCs) in kidney serve sentinel roles in protection against pathogens and maintenance of homeostatic microenvironment [4, 5] . MPCs are functionally classified as either macrophages by their phagocytic role or as dendritic cells (DCs) by their antigen-presenting phenotype [6, 7] . Ontogenic similarities of macrophages and DCs and their functional/phenotypical heterogeneities have led to confusion during classification of MPCs, which makes it hard to use the traditional macrophage marker, F4/80, and the wellknown DC marker, CD11c, to distinguish between these cell types [8] [9] [10] [11] . Hence, despite recent advances in studying kidney MPC subpopulations and their functional characterization [12] , their identification and classification remain incomplete [13] . Cell lineage markers, including CD11b and CD11c, are frequently used to discriminate MPCs from other immune cells and given the complexities and heterogeneities of MPCs in non-lymphoid organs, relative expression levels of CD11b and CD11c are often applied to distinguish between the MPC subpopulations. On the other hand, the level of CD45 expression has been used to discriminate between microglia and infiltrating macrophages in the central nervous system (CNS) [14] [15] [16] . Microglia, yolk sac-derived major resident macrophages in CNS, serve important role in homeostasis maintenance and recent studies have found that the resident microglia are functionally distinct from the myeloid-derived infiltrating macrophages [17] . However, the differential levels of CD45 expression among renal MPC populations have not been carefully studied to date. During flow cytometric analysis of lymphocytes in murine kidney, we serendipitously found an atypical cell population that was distinguishable from other immune cells by its intermediate CD45 expression. In the current study, we identified this population as a discrete renal MPCs that is absent in other organs except the heart and had unique phenotypic characteristics and functional properties, including cytokine production profiles and response to systemic clodronate treatment as well as to ischemia-reperfusion injury (IRI). We also identified this MPC population in "normal" human kidney samples from patients undergoing nephrectomies for renal cell carcinoma (RCC), extending the relevance of our mouse findings to humans.
Materials and methods

Animals
Male C57BL/6 wildtype (WT) mice were purchased from the Jackson Laboratory (ME, USA) and kept under specific pathogen-free conditions at the central animal facility of the Johns Hopkins University. Male mice 8-10 weeks of age were used and all animal experiments were performed using Johns Hopkins University Institutional Animal Care and Use Committeeapproved protocols. (Protocol number: M016M71) MD for kidney digestion by omitting the step of collagenase incubation. No difference in cell viability was found between ED and MD (S1 Fig) .
Each lymphoid organ was filtered through 40 μm strainer (BD bioscience) to prepare single cell suspensions and spleen was incubated with erythrolysis buffer. Single cell suspension from non-lymphoid organs were prepared based on previously published techniques [19] [20] [21] [22] . First, organs were removed after systemic perfusion. Peyer's patches and epithelium-containing supernatants were separated from small intestine. Heart, lung, liver and remnant intestine tissues were cut into 1-2 mm sized pieces and incubated for 30 minutes in 2 mg/ml of collagenase D solution at 37˚C. Digested tissues were filtered using a 70 μm strainer. After washing, cell suspensions from non-lymphoid organs were then run at room temperature with isotonic Percoll density (GE Healthcare, Chicago, IL, USA) centrifugation (1,500 x g for 30 minute in brake off mode) to collect mononuclear cell population, as per the manufacturer's instructions. Collected cells from each organ were washed and each pellet was re-suspended in RPMI media containing 5% FBS and counted.
Antibodies and reagents
All reagents used for media and PBS were obtained from Sigma-Aldrich and BD Bioscience. Fluorochrome-conjugated anti-mouse mAbs including anti-CD45 (30-F11; Rat IgG2b, κ) APC-Cy7/BUV395, anti-CD11b (M1/70; Rat IgG2b, κ) eFluor 450, anti-CD11c (N418; Armenian Hamster IgG) PE-Cy7, anti-F4/80 (BM8; Rat IgG2a, κ) APC, anti-Ly6C (HK1.4; Rat IgG2c, κ) PE, anti-Ly6G (IA8; Rat IgG2a, κ) FITC, anti-CCR7 (4B12; Rat IgG2a, κ) PerCP-Cy5.5, anti-CD206 (C068C2; Rat IgG2b, κ) PE, anti-CD103 (2E7; Armenian Hamster IgG) PerCP-Cy5.5, anti-CD19 (1D3; Rat IgG2a, κ) FITC, anti-TCRβ (H57-597; Armenian Hamster IgG) FITC, anti-γδTCR (eBioGL3; Armenian Hamster IgG) FITC, anti-CD3 (17A2, IgG2b, κ), anti-CD4 (RM4-5; Rat IgG2a, κ) APC, anti-CD8α (53-6.7; Rat IgG2a, κ & 5H10-1; Rat IgG2b, λ) PerCPCy5.5, anti-CD8β (eBioH35-17.2; Rat IgG2b, κ & YTS156.7.7; Rat IgG2b, κ) FITC, anti-CD49b (DX5; Rat IgM, κ) FITC, anti-NK1.1 (PK136; Mouse IgG2a, κ) FITC, anti-interferon (IFN)-γ (XMG1.2; Rat IgG1, κ) PerCP-Cy5.5, anti-tumor necrosis factor (TNF)-α (MP6-XT22; Rat IgG1, κ) PE, anti-interleukin (IL)-10 (JES5-16E3; Rat IgG2b, κ) PE, anti-IL-4 (11B11; Rat IgG1, κ) PE-Cy7, anti-Ki-67 (SolA15; Rat IgG2a, κ) APC, and biotin-conjugated anti-CD16/32 (2.4G2; Rat IgG2b, κ) and anti-MHCII IA-b (AF6-120.1; Mouse IgG2a, κ) were from BD Biosciences, eBioscience (San Diego, CA, USA), or BioLegend and used at 1:50 to 1:200 dilution. When samples were stained with biotin-conjugated mAbs, cells were washed with FACS buffer twice and followed by staining with streptavidin-conjugated PE-Cy7 or APC-Cy7.
Intracellular cytokine staining
For intracellular cytokine staining, single-cell suspensions of isolated kidney mononuclear cells (KMNCs) from normal or post-ischemic mice were incubated for 6 hours at 37˚C in a 5% CO 2 humidified atmosphere incubator in the presence of Golgi Plug (BD Biosciences) with or without innate activator lipopolysaccharide (LPS) (100 ng/ml). After surface staining for 30 minutes at 4˚C, cells were then permeabilized with fixation/permeabilization buffer (eBioscience) for 30 minutes followed by an additional 10 minute incubation with FcR blockers and intracellular cytokine staining with monoclonal antibodies including IFN-γ, TNF-α, IL-10, and IL-4 for 30 minutes. Unstimulated MPCs from normal mice were analyzed together as a negative control. 
Proliferation assays
Proliferation of each MPC population after IRI was assessed by measuring intracellular expression of Ki-67 antigen using anti-Ki-67 mAb. KMNCs were isolated from kidney and stained for surface markers, followed by intracellular staining of Ki-67 using Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Samples were acquired by LSR II using FACS Diva software and analyzed as described earlier.
Apoptosis assays
Apoptosis was assessed using PE-Annexin V apoptosis kit (BD Biosciences) according to manufacturer's instruction. KMNCs were isolated from kidney and stained for surface markers, followed by re-suspension in Annexin V binding buffer with PE-labeled Annexin V for 15 min in dark at room temperature. Samples were acquired by flow cytometer and analyzed as described earlier.
Bone marrow isolation and macrophage enrichment
The hind limb long bones (femur and tibia) were dissected from euthanized mice. After metaphysis exposure, bone marrow was harvested via centrifugation [23] . Isolated bone marrow cell pellets were dissociated in 5 ml erythrolysis buffer for 1 min then washed with 20 ml of ice-cold 5% RMPI buffer. After centrifugation, cells were suspended in 5% RPMI media and transferred to a 100 mm sterile culture dish. After 2 hour incubation at 37˚C in a 5% CO 2 humidified atmosphere incubator, supernatant was aspirated and discarded and adherent macrophages were harvested after 10 minute incubation in ice-cold PBS. Cells were then incubated in 2 mg/ml of collagenase D solution or 5% RPMI media for 30 minutes at 37˚C. Control cells were incubated in 5% RPMI media without collagenase D.
Administration of liposome-encapsulated clodronate
Liposomal clodronate and PBS-encapsulated control liposomes were purchased from Encapsula NanoSciences (Brentwood, TN, USA). Mice were injected intraperitoneally with 100 μl of liposomal clodronate or control liposomes twice with 48 hour interval and were used for experiments 24 hours after the second dose.
Phagocytosis assay
Isolated KMNCs from normal or post-ischemic mice were incubated in RPMI media including 10% FBS, 5mM HEPES, 100 IU/ml penicillin and streptomycin, with latex beads-PE complex in Phagocytosis Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA) for 2 hours. After further staining with surface markers, cells were analyzed using flow cytometry. PE fluorescent signal from T lymphocytes were also analyzed as a negative control. 
Mouse renal ischemia-reperfusion (IRI) model
An established model of renal ischemia-reperfusion in mice was used [24, 25] . Briefly, mice were anesthetized with an intraperitoneal injection of ketamine hydrochloride (130 mg/kg) and xylazine (7 mg/kg). Following an abdominal medial incision, the renal pedicle was dissected, and a microvascular clamp (Roboz Surgical Instrument, Gaithersburg, MD) was placed on each renal pedicle for 30 minutes. Animals were kept hydrated with 1 ml of warm saline and at a constant temperature (37˚C). After 30 minutes of ischemia, the clamps were removed and the kidneys were inspected for restoration of blood flow. The wounds were sutured and the animals were allowed to recover with free access to food and water.
Human samples
The present study was conducted in accordance with the Declaration of Helsinki and approved by the Johns Hopkins Medicine Institutional Review Boards. Kidney samples were collected from RCC patients undergoing partial or total nephrectomies after getting informed written consent from each patient. No subject identifiable information was acquired during tissue collection. The kidney tissue was digested according to our protocol for isolation of KMNCs; stained with mAb anti-CD45 (H130) APC-Cy7 (BioLegend, San diego, CA, USA), anti-CD11b (ICRF-44) Pacific blue, (BD Biosciences, Franlkin Lakes, NJ, USA) and anti-CD15 (HI98) FITC (BioLegend). Similarly, polygon gate was applied to size scatter gate excluding debris and dead cells, followed by single cell gates. Kidney MPCs were analyzed based on the expression of CD45 and CD11b after excluding CD15 + cells.
Statistics
Statistical differences were analyzed using two-tailed Student t test between two groups and one-way ANOVA test for three or more groups (GraphPad Software, La Jolla, CA). Statistical significance was determined as P < 0.05.
Results
CD45 int
CD11b int population constitutes a significant component of the kidney immune cells
While studying TCRαβ (Fig 2A) . This is hereafter referred to as renal CD45 , P = 0.02) (Fig 2C) . On the other hand, the total number of KMNCs was not affected by these digestion methods , P = 0.07). (Fig 2D) . We ruled out that low expression of CD45 and CD11b is due to collagenase treatment because treatment of bone marrow CD45 The percent expression of F4/80, MHCII and CX3CR1 was over 95% whereas that of Ly6C expression was below 5%. These data identified CD45 Co-expression of F4/80 and CD11c, the traditional macrophage and DC marker, respectively, has been found in renal MPC populations in the previous studies and the phenotypical and functional characteristics of DCs and macrophages significantly overlap each other in kidney [26] . Also, there is lack of definitive surrogate marker for the clear distinction of renal macrophages and DCs in kidney [8] . For these reasons, CD45 int CD11b int population was further studied based on the spectrum of MPCs without further discrimination into macrophages or DCs. (Fig 5A) . Spleens of injected mice were analyzed in parallel high CD11b + populations, we investigated their ability to produce signature pro-and anti-inflammatory cytokines using intracellular staining in response to LPS, a potent inducer of strong immune response, or after renal IRI (Fig 7) . In the first set of experiments, we assessed their production of pro-inflammatory cytokines, TNF-α and IFN-γ. After 6 hours of LPS stimulation, a significantly higher percentage of CD45 To characterize mechanisms underlying the temporal changes seen in these two MPC subsets, we investigated their proliferation and apoptosis using Ki-67 and Annexin V assay, respectively [28, 29] (Fig 8B) . However, there was no difference in percentage of Annexin V positive cells between these two populations (Fig 8C) .
The different proliferation patterns of the two population partly explains significant cell number difference between two populations at 48 hours after IRI. Also, their distinct proliferation pattern emphasize further that CD45 (Fig 9) .
Discussion
In the current study, we uncovered the presence of a CD45 int CD11b int "intermediate MPCs"
population in both murine and human kidneys. These cells are present in significantly high percentage in the kidney and to lesser extent in the heart but barely detectable in other showed that renal CX3CR1 + MPCs had significant co-expression of CD11c, F4/80, MHC II and FcR [30] . These markers were also expressed by the CD45 Ã P < 0.05; ÃÃ P < 0.01; ÃÃÃ P < 0.001; ÃÃÃÃ P < 0.0001; NS, no statistically significant difference between groups.
https://doi.org/10.1371/journal.pone.0198608.g007 Ã P < 0.05; ÃÃ P < 0.01; ÃÃÃ P < 0.001; NS, no statistically significant difference between groups.
https://doi.org/10.1371/journal.pone.0198608.g008 Another study by Kawakami et al. showed that resident kidney MPCs can be classified into five discrete populations based on their CD11b and CD11c expression [12] . Among the five subpopulations in their study, CD11b This study implies the role of kidney-resident macrophages in IC-mediated inflammatory disease, such as systemic lupus erythematosus. Based on the phenotypical overlap of macrophages between this study and our study, it is possible that the macrophage population described by this group is similar to what we describe, though functional response to IRI and LPS stimulation were not evaluated in the study [33] . Given the differences in phagocytic function we observed in CD45 gin as well as their interaction with the neighboring kidney structure will shed a light on their organ-specificity and their potential role in kidney diseases. The impact of enzymes has been discussed for the proper single cell preparation of nonlymphoid organs. Despite risks of damage on membrane integrity and change in molecular expression [36, 37] , many researchers continue using ED, because ED can bring effective disaggregation of their target tissues with improved yield. The recently published study by Williams et al. [38] , showed that the effect of ED was greater for the isolation of F4/80 expressing cells, which seems in accord with our CD45 
